SUMMARY Subcellular resolution imaging of the whole brain and subsequent image analysis are prerequisites for understanding anatomical and functional brain networks. Here, we have developed a very high-speed serial-sectioning imaging system named FAST (block-face serial microscopy tomography), which acquires high-resolution images of a whole mouse brain in a speed range comparable to that of lightsheet fluorescence microscopy. FAST enables complete visualization of the brain at a resolution sufficient to resolve all cells and their subcellular structures. FAST renders unbiased quantitative group comparisons of normal and disease model brain cells for the whole brain at a high spatial resolution. Furthermore, FAST is highly scalable to non-human primate brains and human postmortem brain tissues, and can visualize neuronal projections in a whole adult marmoset brain. Thus, FAST provides new opportunities for global approaches that will allow for a better understanding of brain systems in multiple animal models and in human diseases.
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INTRODUCTION
Because of the high degree of functional specialization and integration in the brain, analysis of anatomical alterations and functional activation patterns in whole tissue is crucial to systematically understand brain function and dysfunction. Specifically, whole-brain imaging and quantitative analysis at cellular/subcellular level will provide the information of cell distribution, projection patterns, activity patterns, and their alterations related to brain diseases. These diversified perspectives of brain architecture will contribute to bridging molecular/cellular phenotypes and behavioral phenotypes. Toward this aim, systematic optical brain imaging has emerged with the potential to interrogate the nervous system (Keller and Ahrens, 2015; Osten and Margrie, 2013) . However, there are limitations associated with the current approaches, particularly the imaging speed, such that whole-brain imaging using serial-sectional imaging methods (block-face microscopy) at a spatial resolution sufficient for complete visualization of all brain cells (e.g., <1 mm for the x-y plane A) The FAST setup and components of the high-speed serial sectioning confocal imaging system. A water-dipping objective lens is moved by a piezo actuator. The signals are detected by an sCMOS camera with 2,048 3 2,048 pixel resolution or an EM-CCD camera with 1,024 3 1,024 pixel resolution. A microslicer cuts off sections of defined thickness from the sample block.
(legend continued on next page) and <2-5 mm for the z-depth, voxel size <2-5 mm 3 ; Figure 1B ; Movie S1) takes more than 1 week per mouse brain. Micro-optical sectioning tomography (MOST) (Li et al., 2010) and fluorescence MOST (fMOST) (Gong et al., 2013) require approximately 10 and 19 days, respectively, and serial two-photon (STP) tomography requires 7-10 days (Economo et al., 2016; Osten and Margrie, 2013; Ragan et al., 2012) . Therefore, STP tomography has mainly been utilized to acquire images at z-sampling intervals of 50-100 mm to shorten the time from >1 week to 6.5-21 hr (Kim et al., 2015; Oh et al., 2014; Ragan et al., 2012) . Even using the latest imaging system, termed wide-field largevolume tomography (WVT), the imaging at single-cell resolution takes 3 days for a mouse brain (Gong et al., 2016) .
Another whole-brain imaging technology is based on lightsheet fluorescence microscopy coupled with tissue clearing methods, such as CLARITY (Chung and Deisseroth, 2013) , CUBIC (Susaki et al., 2014; Tainaka et al., 2014) , PACT and PARS (Yang et al., 2014) , ScaleS (Hama et al., 2015) , and iDISCO+ (Renier et al., 2016) . However, the spatial resolution has been limited by the requirement for low-magnification objective lenses (e.g., 0.6-23 magnification) with long working distances, which constrains the numerical aperture (Osten and Margrie, 2013) . In addition, tissue clearing inevitably causes morphological changes in the tissue, hampering accurate geometric measurements (Menzel, 2011) . Blurring is also problematic, even in the mouse brain, although it can be reduced by combining images captured from two opposite surfaces (Susaki et al., 2014) .
The recent successful automated volume analysis method for brain activity mapping employs an open-source software program, ClearMap, but this program requires a resolution of $5 mm (voxel size, $50 mm 3 ), which is necessary to image a large field of view and to limit the data size to an average of 20 gigabytes per sample (Renier et al., 2016) . Image processing methods that can quantify the spatial distribution and morphological features of the hundreds of millions of cells in a whole brain and compare them among groups of brains are still under development because the image data size approaches 1 terabyte per sample. Despite these limitations, these whole-brain imaging methods have successfully revealed various brain structures and functions in rodents, such as mesoscale projection patterns, single-cell-level neuronal tracing, and neuronal activity patterns (Economo et al., 2016; Oh et al., 2014; Renier et al., 2016) . In addition, whole-brain mapping of a variety of cell types and their quantification are imperative for understanding the basic brain structure and the pathophysiology of brain disorders. Particularly, the quantitative comparison of a number of brains is important for identification of anatomical characteristics of the brain underlying neurobiological function and dysfunction in brain disorders. To achieve the whole-brain imaging and the quantitative comparison of multiple brains, subcellular resolution (at least voxel size < 2-5 mm 3 ) is required for the mapping of densely packed cells in various brain regions, such as the dentate gyrus, olfactory bulb, and habenular complex. The imaging speed should be compatible with the fine resolution; however, these experiments are still challenging and nearly impossible with the current technologies. Accordingly, despite the obvious importance of the whole-brain imaging, our current knowledge of the brain-wide distribution of cells is quite limited. In order to precisely understand the structural and functional basis of the highly developed primate brain, it is also important to scale up these technologies to primate brains.
In this study, we have developed an automated very highspeed imaging system for block-face serial microscopy tomography (termed FAST) that consists of a spinning disk-based confocal microscope with an internally installed microslicer and a method for subsequent image data processing. FAST offers a versatile method for whole-brain imaging at a subcellular resolution such that it can image a mouse brain at a high spatial resolution (0.7 mm for the x-y plane and 5 mm for the z-sampling interval; voxel size, 2.5 mm 3 ) in 2.4 hr without time-consuming tissue clearing, which is accompanied by possible detrimental effects on fluorescence and brain morphology (Osten and Margrie, 2013) . FAST has an imaging time that is comparable to existing high-speed volume imaging methods for cleared brains (e.g., FAST, 2.5 mm 3 , 2.4 hr per whole mouse brain;
iDISCO+, 50 mm 3 , 1 hr per half brain; Renier et al., 2016) .
We have also developed a method for precise three-dimensional (3D) whole-brain image reconstruction from the obtained high-resolution image data (total raw image file, $1 terabyte per sample), which is based on various pre-processing filters and 3D particle shape analysis. Group comparisons can be subsequently conducted using coordinated alphanumeric data that include the nuclear positions and morphology of whole-brain cells, which is compatible with computer software such as the widely used Mathematica and R programs.
Our FAST setting achieved imaging of a nuclear-stained adult marmoset brain hemisphere, whole-brain neuronal projection mapping of the posterior cingulate cortex in an adult marmoset, (B) The spatial resolution requirements for proper discrimination of cells. A Hoechst 33258-stained brain from a naive mouse and the brain of an Arc-dVenus reporter mouse that underwent a single restraint stress were subjected to FAST imaging. Coronal section images (left) and magnifications of the hippocampal dentate gyrus (outlined with red boxes) are shown at the original imaging resolution (0.8 mm/pixel; center) and at a downgraded resolution (5 mm/pixel; right) for comparison. Scale bar, 1 mm (left) and 20 mm (center and right). (C) The 3D-rendered images of the Hoechst 33258-stained cerebral cortex from a naive mouse. The original raw image of 160 3 160 3 50 mm (x, y, z; left) and the reconstructed 3D image, in which distinct cells are recognized as 3D particles and indicated by randomly applied colors for easier visualization (right). Insets, magnifications of the areas outlined with red boxes. Scale bar, 20 mm. (D) z-direction alignment using 3D particle recognition. The partial overlap of the images enables precise alignment of consecutive sections using an automated stitching process and ensures that no cells at the border between two sections are missed; thus, complete 3D images are generated. Example images of the z-direction alignment of seven 100 mm stacks of a Hoechst 33258-stained brain sample are shown. The x-z plane images at the indicated positions with red lines (left) are shown (right). Insets, magnifications of the areas outlined with white square boxes. Arrowheads indicate cells that can be recognized as the same cells located in the overlapping area. Scale bars, 200 mm. See also Figure S1 and Movie S1. and imaging of nuclear-stained human postmortem brain tissue (a part of the primary visual cortex), which is the largest human postmortem brain tissue ever imaged using automatic volumetric microscopy Hama et al., 2015) (number of total voxels: 2.8, 5.7, and 1.2 trillion, respectively).
RESULTS

Block-Face Serial Microscopy Tomography Setup for Very High-Speed Volumetric Imaging
We employed a Nipkow spinning disk-based confocal microscopy technique that projects highly parallelized excitation light beams and captures fluorescence using a camera (scientific complementary metal oxide semiconductor, sCMOS, or electron-multiplying charge-coupled device, EM-CCD) and an internally installed microslicer (Figures 1A and S1A) . In this system, operating programs (see STAR Methods) automatically performed repeated imaging cycles as follows: (1) z stack image acquisition, usually of a 100-mm-thick surface layer, obtained in multiple consecutive fields of x-y-plane views; (2) removal of an upper 50-to 80-mm-thick tissue section by the microslicer; and (3) relocation of the sample block to the original position and adjustment of the z position ( Figure 1A ). The acquired image data include a partial overlap of 20-50 mm in depth, enabling precise alignment of consecutive sections by stitching and ensuring that no cells lying at the border between two sections are missed. We routinely use two setup patterns: a high-speed setup and a high-sensitivity setup for weak fluorescence intensity. The former consists of a 103 water-dipping objective (working distance, 8 mm; numerical aperture, 0.6), a 0.833 intermediate magnification lens, and signal detection using an sCMOS camera with 2,048 3 2,048 pixels (a resolution of 0.7 mm in the x-y plane and a 1.43 mm 3 1.43 mm field of view). The latter set-up uses a 163 water-dipping objective (working distance, 3 mm; numerical aperture, 0.8) and an EM-CCD camera with 1,024 3 1,024 pixels (a resolution of 0.8 mm in the x-y plane and a 0.82 mm 3 0.82 mm field of view). For the z direction (along the optical axis), we currently acquire images every 5 mm because the axial resolutions assessed by the full width at halfmaximum of the point spread function, which was determined by imaging fluorescent microspheres, were 2.7 mm (the 163 objective) and 4.9 mm (the 103 objective combined with the 0.833 intermediate magnification lens).
The complete image of an adult mouse brain consists of approximately 11,200 3 15,660 3 2,400 pixels (103 objective; x, y, z, respectively) with a total of 4.2 3 10 11 voxels with 16 bits per channel, for which the data file size is approximately 1,100 gigabytes/color. The imaging resolutions (0.8 mm in the x-y plane) adequately resolve even densely packed neurons in the brain, such as those in the hippocampal dentate granule cell layer ( Figure 1B ). To further assess the lateral resolutions required for proper discrimination of cells, the number of nuclear-stained cells was counted by five observers in the images of the cerebral cortex and the dentate gyrus at different lateral resolutions, 0.4, 0.8, 1.6, and 3.2 mm/pixel ( Figure S1B ). The higher resolutions, 0.4 and 0.8 mm/pixel, were considered to provide similarly accurate results for both brain regions. We therefore set the lateral resolution at 0.7-0.8 mm/pixel.
The total operation can be performed in as little as 2.4 hr per mouse brain at a resolution of 0.7 mm 3 0.7 mm 3 5 mm, 2,400 optical sections. The FAST system therefore enables extremely fast imaging at a high resolution. Performance specifications for the high-speed setting using a 103 objective and sCMOS camera with 2,048 3 2,048 pixels are shown in Figure S1C . The exposure time of the image sensor is 15 ms per field of view, and therefore, the peak imaging speed amounts to 2.8 3 10 8 pixels/s. Figure 1C ). To ensure the 3D particle recognition, various preprocessing procedures were applied to either the two-dimensional (2D) or 3D images, including filtering out the low-frequency signal components (background correction), performing locally adaptive image binarization, and removing random noise (Figures S1D -S1H). For particle separation, two parameters (the nearest distance to the neighboring cell and the minimal radius of the particle) showed a significant influence on the algorithmic results. We determined F-measures (harmonic means of precision and recall) for these parameters in eight brain regions (cerebral cortex, hippocampal cornu ammonis 1, dentate gyrus, striatum, hypothalamus, dorsal raphe, pons, and cerebellum). The average of the F-measure values for these brain regions was the highest (92%) when the nearest distance to the neighboring cell was 3 voxels and the minimal radius of the particle was R5 voxels ( Figure S1I ). We therefore set them to 3 and 7 voxels, respectively. The cell counts detected by the program with the fixed parameters were similar to the manual counts in all of these brain regions ( Figure S1I ).
To construct a 3D model of all stained cell nuclei in the imaged brain sample, we merged the raw image data for all mosaic z stacks into a full x-y-z plane montage using a C++ program (see STAR Methods). Then, we further stitched the montages (approximately 150-250 montages per adult mouse brain, each of which consisted of 21 sections at 5 mm spacing) together using an overlap of 20-50 mm to ensure accurate positioning using the TRI/FCS-NUC64 software (Figure 1D) . The 3D particle recognition (Figures 1C and S1D-S1I) enables accurate assembly of consecutive z stacks, which were conducted in 3D space in order throughout the full spatial extent ( Figure 1D ). To perform a subsequent quantitative analysis using computer programs such as Mathematica (Wolfram, Champaign) and R (https://www.r-project.org/), we generated coordinate alphanumeric data for each cell as comma-separated values (CSV) format that included the x, y, z position of the barycenter, equivalent sphere diameter, aspect ratio, and volume. For example, a total of 101,567,539 cells were analyzed in a juvenile (4-weekold) mouse, whereas 156,615,808 cells were analyzed in an adult (7-week-old) mouse.
FAST Imaging of Various Tissue Architecture-, Cell-Type-, and Gene-Specific Labeling in Mice Here, we show 3D-reconstructed whole-brain subcellular resolution images of cell nuclei stained with Hoechst 33258 dye, vascular structures stained with fluorescein-labeled tomato lectin (J€ ahrling et al., 2009) , mature oligodendrocytes in proteolipid protein (PLP)::ChR2-EYFP mice (PLP-tTA, tetO-ChR2-EYFP double transgenic) (Inamura et al., 2012 ) generated using the KENGEtet (Knockin-mediated ENhanced Gene Expression by improved tetracycline-controlled gene induction) system (Tanaka et al., 2012) , and vasoactive intestinal peptide (VIP)-expressing interneurons and long projecting neurons in VIP::tdTomato mice (Figures 2 and S2; Movie S2). Subcellular structures, such as the myelin sheaths of interfascicular oligodendrocytes and the cellular processes of VIP-expressing neurons, were clearly visualized. horizontal x-z plane) sections are also shown (the position of the section is indicated with white lines). The 2D and 3D-rendered images are magnifications of the areas outlined with white boxes in the insets. Scale bars, 2 mm (whole brain) and 100 mm (2D and 3D-rendered images). BNST, bed nuclei of the stria terminalis; Cb, cerebellum; CeA, central nucleus of the amygdala; CNVII, cranial nerve VII (facial motor nucleus); CP, caudate putamen; Cx, cerebral cortex; DG, dentate gyrus; Hp, hippocampus; Hy, hypothalamus; OB, olfactory bulb; PVN, paraventricular nucleus of hypothalamus; Sch, suprachiasmatic nucleus; Th, thalamus; cc, corpus callosum; V3, third ventricle. A, anterior; P, posterior; L, left; R, right. See also Figure S2 and Movie S2. To address whether the resolution is sufficient to map the 3D structure of long-range axonal projections in the brain, we injected an adeno-associated virus (AAV) serotype 2-CMV-tdTomato vector into the anterior cingulate cortex at two viral titer levels (Figures 3 and S3 ; Movie S3). The higher titer labeled a large population of neurons in the anterior cingulate cortex and axonal projections in various brain regions ( Figures S3B-S3D ). By contrast, the lower titer (10-fold dilution) labeled a restricted number of axonal projections, which was useful for long-range tracing (Figures 3A, 3B, and S3A). We observed two distinct axonal projection routes that began at the anterior cingulate cortex and innervated different subregions of the periaqueductal gray: the dorsal part and the ventral part of the periaqueductal gray, the latter of which includes the dorsal raphe nuclei ( Figures 3A and 3C ). Single axons were clearly visualized throughout the routes ( Figure 3C ). These results indicate that FAST imaging can be applicable to visualizing the 3D structures of neuronal projections at an axonal resolution.
Accurate Quantitative Analysis of a Neurotoxin-Induced Hippocampal Lesion Model
To examine the feasibility of FAST, we conducted quantitative morphometric analyses of brains after trimethyltin (TMT) intoxication, which is known to selectively induce apoptosis of hippocampal granule neurons, accompanied by interleukin-1b expression (Fiedorowicz et al., 2008; Ogita et al., 2004) . Consistent with previous reports, TMT selectively reduced the cell density specifically in the dentate granular layer ( Figures and S4A). We observed a reduction in cell density throughout the dorsoventral dentate gyri (Movie S4). To compare distinct brain regions, we conducted semiautomatic anatomical parcellation using nuclear staining or cellular autofluorescence for boundary delineation ( Figure 4B ). Among individual naive animals, the standard deviation and standard error of the volume of each area were less than 14.5% and 8.4%, respectively (n = 3); these measurements are considered to reflect individual differences ( Figure S4B ). The total number of cells in the granule cell layer was significantly decreased in the TMT-injected mice (Figure 4C ). More precise morphometric comparisons of the alphanumeric data of all of the cell nuclei in the dentate granular cell layers between the TMT-treated mice and the control mice showed that the cells that were lost owing to TMT were primarily those with a nuclear volume ranging from 60-220 mm 3 ( Figures 4D-4F ). FAST also enables the difference between the mouse groups to be displayed spatially. We conducted whole-brain voxel-based comparison analysis between TMTinjected and control mice (each n = 3). The spatial positions of all cell nuclei obtained for each mouse were registered to 25 mm 3 voxels and precisely adjusted by affine transformation using image feature points. The difference in the number of cells within each voxel in TMT-treated mice compared with that in control mice was calculated and plotted in the original space ( Figure 4G ). The same comparison was also conducted in a subvolume-based analysis, after hippocampal regions were delineated based on their high cell density ( Figure 4H ). Both of these results clearly reveal a spatial pattern of cell loss in the 3D space of the whole brain as well as the hippocampus.
Neuronal Activation Mapping and Semicomprehensive Immunohistochemical Analysis in Mice following Restraint Stress
We then investigated the whole-brain neuronal activation and suppression patterns following acute and chronic restraint stress using Arc-dVenus reporter mice, in which the expression of dVenus, a destabilized form of the fluorescence protein Venus (Nagai et al., 2002) , is driven by the promoter of the immediate early gene Arc (Eguchi and Yamaguchi, 2009) . Compared with control mouse brains, a single session of acute restraint stress considerably increased the number of activated neurons in several brain regions, including various cortical areas, the septum, striatum, claustrum, and amygdaloid nuclei, whereas chronic restraint stress did not induce such activation (Figures  5A-5C ; Movie S5).
After FAST imaging of fluorescence, the serial sections can be subjected to post hoc experiments, such as immunohistochemical studies and super-resolution imaging. Here, we conducted immunostaining for parvalbumin using a conventional freefloating technique (Hazama et al., 2014) (Figures 5D, 5E , and S5A-S5E). In addition to the Arc-dVenus fluorescence signals, this procedure provides a semicomprehensive distribution of the parvalbumin-positive GABAergic interneurons among all of the nuclear-stained brain cells in mice that underwent a single restraint stress. The images acquired after immunohistochemical staining can be assigned to their corresponding FAST images in their original positions using the OpenCV function cv::matchTemplate (see STAR Methods). We also conducted super-resolution imaging using stimulated emission depletion (STED) microscopy after FAST imaging and immunostaining (Figures S5F-S5K; Movie S6).
FAST Imaging in Human Postmortem Brain and Adult Marmoset Brain
To demonstrate the scalability and applicability of FAST to the larger brains of experimental animal species and humans, we used FAST to image a Hoechst 33258-stained human postmortem brain and an adult (32-month-old) marmoset brain (Figures 6 and S6; Movie S7). Our nuclear-staining protocol worked well for these much larger tissues, and FAST successfully imaged a block of human postmortem brain (approximately 1,000 mm 3 , primary visual cortex, Brodmann area 17) and the marmoset brain (right hemisphere) at the same resolution as for the mouse brain. The 3D-reconstructed images clearly display the fine structures of these brains, similar to the mouse brain images (Figure 6 ; Movie S7). For the marmoset brain hemisphere, a total of 5,325,120 raw (field of view) images were acquired, which consisted of approximately 18,500 3 39,800 3 3,870 pixels (14.8 3 31.8 3 19.4 mm; x, y, z) and a total of 2.8 3 10 12 voxels, the data size of which was approximately 10 terabytes. Figure S4 and Movie S4. Statistical significance was analyzed using Student's t test (C) and Welch's t test (F). 
Whole-Brain Anterograde and Retrograde Neuronal Tracing in an Adult Marmoset
The remarkable advantage of FAST when applied to imaging large tissues is its contribution to imaging the long-range circuit architecture in primates. Here, we performed anterograde and retrograde projection mapping of the posterior cingulate cortex (PCC, Brodmann areas 23 and 31) in an adult (56-month-old) marmoset. To label neurons in which the soma was located in the PCC and those projecting to the PCC, we injected AAV serotype 1-CMV-tdTomato, which is efficiently transported in the retrograde direction (Hollis et al., 2008) . We successfully mapped tdTomato-labeled cells and fibers in the whole marmoset brain (Figure 7) . The fluorescent signals were intensely observed in the thalamic region on a macro scale image ( Figures 7A-7E) , and the resolution was sufficient to detect and distinguish tdTomato-positive cell bodies and neuronal fibers in the anterior medial thalamic regions ( Figures 7D and 7E ). The fluorescent signals were further observed in other brain regions ( Figure 7F ), such as Brodmann area 8 (cell bodies) and the caudate nucleus (fibers). Because mice have no anatomical brain region corresponding to the PCC (Vogt and Paxinos, 2014), we injected AAV1-CMV-tdTomato into the retrosplenial cortex located in the posterior part of the mouse cingulate area to examine whether there are any species differences in this region (Figure S7) . The overall distribution of the fluorescent signals was similar between mouse and marmoset brains (Figures 7 and S7 ).
DISCUSSION
FAST Achieves Very High-Speed Complete Visualization of Entire Brain Cells Unbiased and hypothesis-free approaches for anatomical and functional comparisons across the whole brain are expected to offer new insights into the mechanisms that regulate various neurobiological functions and dysfunctions. For this purpose, performing whole-brain imaging at a resolution that is sufficient to distinguish individual cells and quantitatively comparing large amounts of imaging data are essential (Keller and Ahrens, 2015; Osten and Margrie, 2013) . Despite substantial recent advances in microscopic techniques, proper detection of these alterations remains challenging due to the technical limitations of volumetric imaging speeds and spatial resolution.
In the current study, we developed FAST as a very high-speed serial-sectioning imaging system that acquires high-resolution images. The resolution in the horizontal dimension (0.7-0.8 mm) was sufficient to resolve all cells and their subcellular structures, such as the cellular processes (Figures 1, 2 , S1, and S2; Movies S1 and S2). However, the resolution in the vertical dimension may not be sufficient to image subcellular structures. We routinely acquired images every 5 mm in the z depth because the axial resolutions assessed by the full width at half-maximum of the point spread function ranged from 2.7 to 4.9 mm (depending on the magnification of the objective). It should be noted that the anisotropic voxel size (0.7-0.8 mm for x-y plane versus 5 mm in the z depth) can cause a partial volume effect that depends on the angle from the axis of anisotropy.
FAST acquires whole-brain images for a mouse brain in 2.4 hr, a time range comparable to existing high-speed whole-brain imaging methods using light-sheet microscopy (Renier et al., 2016; Susaki et al., 2015; Tomer et al., 2014) ; however, the imaging speed per se hinges on the performance of image sensors (frame rate and size) regardless of different microscopy modalities. Technological advances in imaging methods are ongoing particularly for light-sheet microscopy, which can be achieved by advances in camera technology, further parallelization of illumination, and wide-field fluorescence detection (Keller and Ahrens, 2015) . FAST has implemented some of these improvements. To date, we have imaged more than a hundred mouse brains of various experimental mouse models at a subcellular resolution.
Like other serial sectioning methods, FAST only requires tissue preparation by simple paraformaldehyde fixation and agar embedding and does not require tissue clearing, minimizing the possible detrimental effects on fluorescence and brain morphology (Osten and Margrie, 2013) .
Demonstration of Tissue Architecture-, Cell-Type-, and Gene-Specific Whole-Brain Imaging Using FAST In this study, we demonstrated whole-brain subcellular resolution imaging of Hoechst 33258-stained cell nuclei, vascular structures revealed by fluorescein-labeled tomato lectin, mature oligodendrocytes with subcellular structures, such as the myelin sheaths in PLP::ChR2-EYFP mice (Inamura et al., 2012; Tanaka et al., 2012) and VIP-expressing interneurons and long projecting neurons, as well as their cellular processes, in VIP::tdTomato mice (Figures 2 and S2 ; Movie S2). Taken together with the semicomprehensive distribution of parvalbumin-positive GABAergic interneurons obtained by post hoc immunohistochemistry and the precise neuronal activity mapping performed using the immediate early gene reporter system in Arc-dVenus reporter mice (Eguchi and Yamaguchi, 2009) (Figures 5 and S5 ; Movie S5), these FAST-based architecture (subtissue)-and cell type-specific and activity-dependent whole-brain subcellular resolution imaging tools are expected to provide a basis for systemic brain analyses that will contribute to dissections of various (patho) physiological mechanisms in animal disease models. In an attempt to further promote these analyses, we have recently developed a lentiviral system for simultaneous neuron-and astrocyte-specific fluorescent labeling, which is more convenient and flexible given the time-intensive maintenance and crossbreeding required for multitransgenic mouse lines (Schulze et al., 2015) .
Consistent with previous studies, we observed that VIP was abundantly expressed in the suprachiasmatic nucleus (Vosko et al., 2007) . VIP has been shown to mediate circadian rhythmicity and synchrony in clock neurons in the suprachiasmatic nucleus via the receptor that is shared by VIP and PACAP, VPAC2 (encoded by the Vipr2 gene) ( (legend continued on next page) rare copy number gains at chromosome 7q36.3 at or in the vicinity (89 kilobases upstream) of Vipr2 were found to be significantly associated with the risk for schizophrenia (Vacic et al., 2011) . As a possible causative mechanism, we recently showed that overactive VPAC2 receptor signaling disturbs synaptic maturation in the prefrontal cortex during a critical time in mouse development . In addition, we and others have demonstrated that altered PACAP signaling may be a risk factor for psychiatric disorders, including schizophrenia and stress-related disorders (Hashimoto et al., 2001 (Hashimoto et al., , 2011 Hashimoto et al., 2007; Ressler et al., 2011; Takuma et al., 2014) . Thus, systemic investigation of the anatomical alterations and functional activation patterns in the VIP::tdTomato mouse brain from the perspective of gene 3 environmental interactions is intriguing.
Group Comparisons of Whole-Brain High-Resolution Images
The generation of an averaged image of multiple brains for use as a reference could be a valuable application. However, an averaged image would not be suitable for comparisons of exact variables between samples due to the averaging of individual differences. In addition, brain reference data are currently available only for fixed ages, such as adults, for particular mouse strains, such as C57BL/6, and are of considerably low resolution. However, recent great technological advances in large-scale brain analysis tools have elucidated neuronal connections and functions (Freeman, 2015) . Data processing methods for brain images, such as those used for electron microscopy studies, perform volumetric reconstruction and segmentation of a large amount of data (Kasthuri et al., 2015) . Nevertheless, accurate detection of structural or functional alterations at the cellular level among whole brains requires a new methodology. Specifically, it requires the adjustment of the spatial positions among groups and the subsequent comparison of cell distributions, but these have not yet been adequately achieved at the whole brain level.
Here, we conducted a multi-compartment model analysis using a geometric (affine) transformation for assumption-free comparative and morphometric analyses. In addition, by using coordinated alphanumeric datasets for all of the cells in an entire brain and comparing them between brains, for example, we quantified TMT-induced neurodegeneration in the dentate gyrus (Figures 4  and S4 ; Movie S4), as well as stress-induced neuronal activation/suppression at the single-cell level (Figures 5 and S5 ; Movie S5). This strategy allows for high-throughput analysis, which could be applicable to the comprehensive detection of microphenotypes in various animal models of disease such as neuropsychiatric disorders (Kida and Kato, 2015) .
FAST Enables the Semicomprehensive Immunohistochemical Analysis of the Adult Brain and Super-Resolution Light Microscopy
The serial sections can be processed using conventional immunohistochemical protocols. Here, we immunostained the sections of the adult brain with a parvalbumin antibody; only 2 days were required for the study, including an overnight incubation with the primary antibody ( Figures 5D, 5E , and S5). Because immunostaining after FAST must be conducted after sectioning of the tissue blocks, some gaps due to sectioning loss and damage of sections during free-floating immunostaining can be introduced. In our preliminary experiment, embedding the brains in an oxidized agarose gel and collecting every 80-mmthick section using a pencil brush were effective at minimizing damage to the sections. We retrieved 138 out of the total 140 coronal sections after FAST imaging. In the remaining two sections, the caudomedial entorhinal cortices were disassembled.
In addition, special care should be taken for the sections that include the frontal association cortices, which were easily disassembled. Damage due to, e.g., mechanical tears and folding of sections was not obvious over the whole brain. We also demonstrated the combination of FAST and superresolution light microscopy by applying STED super-resolution microscopy in Arc-dVenus reporter mice that were subjected to a single session of acute restraint stress (Figures S5F-S5K ; Movie S6). As a possible application for FAST, we propose an imaging procedure in which whole-brain imaging is conducted first. During or after this procedure, areas of interest for immunohistochemical analysis and/or super-resolution imaging are identified by referencing the whole-brain imaging data. The subsequently obtained images can then be assigned to the original FAST images ( Figure S5A ).
FAST Offers Unlimited Scalability
Like other serial-sectioning technologies, FAST is applicable to any tissue, with no theoretical size limit. Because FAST is a very quick analysis, it is applicable to non-human primate brains. To confirm this applicability, we conducted whole-brain imaging of a Hoechst 33258-stained brain hemisphere and an AAV1-CMV-tdTomato-injected brain from adult marmosets ( Figures  6D-6L , 7, and S6; Movie S7). We succeeded for the first time in complete visualization of long-range neuronal projection at a subcellular resolution from and to the posterior cingulate cortex (PCC) in the whole brain of an adult marmoset. The overall distribution of the fluorescent signals was consistent with the observations in the previous studies (Reser et al., 2013; Vogt et al., 1987; Wyss and Sripanidkulchai, 1984) . The PCC is cytoarchitecturally associated with Brodmann areas 23 and 31, the function of which is supposed to be internally directed attention but which remains largely unclear in humans and non-human primates (Leech and Sharp, 2014) . FAST will greatly facilitate a better understanding of the anatomy and organization of the brain not only in rodents but also in non-human primates. Our current FAST mechanical settings enable the imaging of tissues with a maximum size of 17 3 8 3 3 cm, but this size can easily be further enlarged. Thus, FAST is a powerful tool for imaging large brain specimens such as human postmortem brain tissue and various other organs. 
Imaging of Human Postmortem Brain Tissue
To illustrate the applicability of the FAST system, we attempted to image human postmortem brain tissue. Here, we performed nuclear staining of the human postmortem brain tissue (a part of the primary visual cortex) and successfully conducted largescale imaging of the tissue using serial section microscopy ( Figures 6A-6C ). When studying human postmortem brains, consideration of the effects of factors such as the postmortem interval, age at death, storage method and period, and freezethaw cycles is necessary because they may represent confounding factors. In the present study, we imaged a postmortem brain tissue frozen at À80 C (postmortem interval, 43 hr) and could obtain clear images of the tissue without tissue clearing. We expect that large-scale imaging of human postmortem brain by FAST will reveal fine morphological abnormalities that have not yet been detected in human brain disorders.
From Association Studies to Causation and Quantitative Analyses of the Brain
The majority of the current brain studies are designed to investigate associations between limited brain regions and neurophysiological phenotypes, such as behavioral performance. However, our newly developed method, which enables comparisons between brains at a resolution sufficient to recognize almost every individual brain cell and the subcellular structures, opens a new door for causative, quantitative, and comprehensive analyses in the investigation of pathological changes throughout the brain. Other imaging technologies, such as dynamic calcium imaging and electrophysiological recording, offer strong modalities to monitor real-time neuronal activity even in live animals (Freeman, 2015) . By complementing these technologies, future work is needed to achieve comprehensive brain-wide imaging that would provide new opportunities for unbiased and hypothesis-free approaches and contribute to a better understanding of the anatomical and functional brain networks, and translational research between nonhuman animal models and human diseases.
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Yang, B., Treweek, J.B., Kulkarni, R.P., Deverman, B.E., Chen, C.K., Lubeck, E., Shah, S., Cai, L., and Gradinaru, V. (2014 We used one female common marmoset (Callithrix jacchus) for Hoechst 33258 staining and one female for AAV injection. The marmosets were raised in Primate Research Institute, Kyoto University. The animals were caged at 27 ± 2 C with 50 ± 10% humidity and a 12-h light-dark cycle (lights on at 7:00 a.m.), and they were fed twice daily with a standard marmoset diet supplemented with fruit, mealworms, and gum with vitamin D. Water was available ad libitum. All studies in the marmosets were conducted in accordance with experimental protocols approved by the Animal Welfare and Animal Care Committee of Primate Research Institute, Kyoto University.
Human postmortem brain tissue
The study in human postmortem brain tissue was carried out in accordance with the World Medical Association's Declaration of Helsinki and the Human Tissue Act 2004 and approved by the Research Ethics Committee in Osaka University. Postmortem brain tissue was collected from a healthy subject (female; age, 83 years old) at the Fukushima Brain Bank at the Department of Neuropsychiatry, Fukushima Medical University. The left cerebral hemisphere was frozen at À80 C (postmortem interval, 43 hr). The occipital cortex (approximately 10 3 10 3 10 mm, primary visual cortex, Brodmann area 17) was identified in frozen coronal slabs according to a human brain atlas.
METHOD DETAILS
Tissue preparation and nuclear staining of whole-brain tissue blocks Mice were deeply anesthetized via an intraperitoneal injection of 50 mg/kg body weight pentobarbital (Nacalai Tesque, Kyoto, Japan) and were transcardially perfused with saline followed by 4% paraformaldehyde (PFA) dissolved in phosphate-buffered saline (PBS). Brains were excised and postfixed in 4% PFA in PBS until use.
To analyze cell positions, PFA-fixed mouse brains were stained with Hoechst 33258 dye (Merck Millipore, Billerica, MA, USA) by osmotic shock as follows: The brains were immersed in staining solution (PBS containing 10 mg/ml Hoechst 33258, 0.1% Triton X-100, and 0%-30% w/v sucrose) for 8 days (sucrose concentrations, 1 day in 10%; 1 day in 20%; 5 days in 30%; and 1 day in 0%) at 55 C with gentle shaking and then returned to 4% PFA in PBS. For nuclear staining of the marmoset brain, the duration of immersion in the 30% sucrose-containing staining solution was extended to 9 days. During the immersion, the solution was replenished every 3 days.
For the human postmortem brain, the block of the primary visual cortex was stored at À20 C overnight, immersed in ice-cold 4% PFA in PBS for 1 day and subjected to the same nuclear staining procedure as that used for the marmoset brains.
Fluorescein-labeled tomato (Lycopersicon Esculentum) lectin staining Fluorescein-labeled tomato lectin (FL-1171, Vector Laboratories, Burlingame, CA, USA) is an effective marker of blood vessels. To visualize the whole-brain vascular structures, endothelial cells were labeled by transcardial perfusion of fluorescein-labeled tomato lectin according to the method described previously (J€ ahrling et al., 2009) .
TMT injection in mice TMT treatment was performed as described in a previous study (Ogita et al., 2004) with minor modifications. Briefly, male 4-week-old Slc:ddY mice were acclimated to the mouse facility for at least 4 days following their arrival and were then intraperitoneally injected with 2.8 mg/kg TMT (Strem Chemicals, Newburyport, MA, USA) dissolved in PBS. At 48 hr after the injection, the brains were stained with Hoechst 33258 and subjected to whole-brain imaging.
Restraint stress in mice Male Arc-dVenus reporter mice were placed in 50 mL plastic conical tubes with holes at the tips and lateral sides for unrestricted breathing. The remaining space was filled with tissue paper (Kimwipe; Crecia, Tokyo, Japan). For acute restraint stress, 11-weekold mice were subjected to restraint stress for 6 hr (9:30 a.m.-3:30 p.m.). For chronic restraint stress, 8-week-old mice were subjected to the same stress once a day for 21 consecutive days. For this experiment, all mice were singly housed from 8-week age to 11-week age.
Viral vector
The AAV1-CMV-tdTomato and AAV2-CMV-tdTomato vectors (5.0 3 10 13 genome copies/ml) were produced by the helper-free triple transfection procedure and purified by affinity chromatography (GE Healthcare, Tokyo, Japan). The viral titer was determined by quantitative PCR using Taq-Man technology (Life Technologies, Tokyo, Japan). The transfer plasmid (pAAV-CMV-tdTomato-WPRE) was constructed by inserting the tdTomato gene and WPRE sequence into an AAV backbone plasmid (pAAV-CMV; Stratagene, La Jolla, CA, USA). For injection into the anterior cingulate cortex, the AAV2-CMV-tdTomato was diluted and used at two viral titer levels: 5.0 3 10 13 and 5.0 3 10 12 genome copies/ml.
Programming Research Co., Toyonaka, Japan). This procedure can also be performed using the Grid/Collection Stitching plugin of the Fiji image processing package (Fiji is just ImageJ; http://fiji.sc/) (Preibisch et al., 2009; Schindelin et al., 2012) . The resulting section images were seamlessly aligned in the z-direction by stitching with 20%-50% overlap and processing with the TRI/FCS-NUC64 software (Ratoc System Engineering, Tokyo, Japan; commercially available) as follows: Background unevenness due to vignetting at the corner of each field of view and at the tiling boundaries was corrected by filtering out the low-frequency components of the signals (background correction). The resulting image was then processed for locally adaptive image binarization, the removal of small isolated points and random noise (dark current noise), particle separation in 3D space (3D particle recognition) and to locate the maximum point of particle overlap between consecutive z stacks. The alignment included z-direction overlap offset, parallel displacement, and rotation. The resultant data were applied to the original images (without binarization) to accurately align them. After 3D image reconstruction, distinct cells or nuclei were pseudocolored with randomly chosen colors for easier visualization where necessary. Subsequently, the alphanumeric data for all of the cells were calculated and saved in the comma-separated values (CSV) format.
The parameters for the pre-processing filters and 3D particle recognition were optimized using representative brain images and F-measures, which are the harmonic means of precision and recall, calculated as F-measure = 2 3 (precision 3 recall) 3 (precision + recall), in which precision = true positive / (true positive + false positive) and recall = true positive / (true positive + false negative). The manual counts by five trained observers were assumed to be ''ground truth.'' For tracing axonal routes, tdTomato-positive axons were manually labeled with different colors using the TRI/FCS-NUC64 software.
The image processing was performed on a dual CPU system (20 cores, 40 threads, 2.5 GHz, Intel Xeon E5-2670 v2 3 2) with 128 gigabytes of random access memory.
Anatomical parcellation and voxel-based comparison between brains
Hoechst 33258 nuclear staining or cellular autofluorescence was used to delineate the boundaries of major anatomical brain regions along with reference to the Allen Reference Atlas version 2 (http://www.brain-map.org/). The undefined points in fault space were interpolated automatically. The following regions were determined in naive mice, TMT-treated mice, and mice subjected to restraint stress: olfactory bulb; neocortex and related areas (e.g., orbitofrontal, motor, somatosensory, auditory, and visual cortices); piriform cortex and related areas (piriform cortex and entorhinal cortex); cingulate cortex and related areas (anterior cingulate, prelimbic, infralimbic, and retrosplenial cortices); hippocampus (excluding the dentate gyrus); dentate gyrus; septum; striatum (caudate putamen, globus pallidus, and nucleus accumbens); claustrum; lateral and basolateral amygdala; central nucleus of the amygdala and medial amygdala; cerebellum; and brainstem (thalamus, hypothalamus, midbrain, pons and medulla oblongata).
To spatially display the difference between the mouse groups, voxel-based comparison analysis was conducted both on wholebrain and subvolume (hippocampus) bases. For the latter, hippocampal regions were spatially delineated based on cell density. The spatial positions of all cell nuclei obtained as spatially coordinated alphanumeric datasets (see above) for each mouse were registered to 25-mm 3 voxels, which were morphologically adjusted by affine transformation using image feature points that were extracted as the boundaries of shapes or intensity of the voxels. The difference in the number of cells within each 25-mm 3 voxel in TMT-treated mice compared with that in control mice was calculated and plotted in the original space. The data analysis and graphic representation were conducted using Mathematica software (Wolfram, Champaign, IL, USA).
Immunohistochemistry
After the brain tissue blocks were imaged by FAST, the sections were retrieved one by one immediately after they were cut during FAST imaging or collected all at once from the chamber after FAST imaging was completed. The sections were stored in PBS containing 0.05% sodium azide until use. The sections were then subjected to a conventional immunohistochemical technique (Hazama et al., 2014) with minor modifications. Briefly, after the sections were placed in 24-well plates, the free-floating sections were blocked with 2% bovine serum albumin (Nacalai Tesque) in Tris-buffered saline containing Triton X-100 for 1 hr at room temperature, incubated with a mouse anti-parvalbumin monoclonal antibody (1:5,000 dilution; catalog no. 235; Swant, Bellinzona, Switzerland) overnight at 4 C, and then incubated with an Alexa 594-conjugated goat anti-mouse IgG secondary antibody (1:1,000 dilution; catalog no. A-11005, Life technologies) and 1 mg/ml Hoechst 33258 for 1 hr at room temperature.
To assign the post hoc immunohistochemical images to the original FAST images, we used a C++ code, FindSlice (Neuro Programming Research Co.), to execute the following image processing using the functions of OpenCV (http://opencv.org/). Z stacked images of each section of both FAST and immunohistochemical images were converted into single tiff (maximum intensity z-projection) images, dilated using cv::dilate (maximum filter; kernel size, 2 3 2 pixels) and down sampled to a sixteenth using cv::resize. After gamma correction (g = 0.8), the images from the immunohistochemical images were matched with those from the FAST images using cv::matchTemplate (the template matching operation, cv::TM_CCORR_NORMED). The assignment was manually verified by matching the dVenus signals and the anatomical features of the brain structures.
Super-resolution microscopy The brain sections were prepared and immunostained as described above, except that a rabbit anti-GFP polyclonal primary antibody (1:1,000 dilution; catalog no. 598; MBL, Nagoya, Japan) and rhodamine 6G goat anti-rabbit IgG secondary antibody (1:1,000 dilution; catalog no. 15076; Active Motif, Carlsbad, CA, USA) were used. The sections were then adhered to poly-L-lysine-coated microscope slides and mounted with 97% 2,2 0 -thiodiethanol (refractive index, 1.514; Sigma-Aldrich). Super-resolution images were obtained using a STED microscope system (TCS SP8 STED 3X; Leica Microsystems, Wetzlar, Germany) with the following settings: The STED module used a pulsed white light laser to excite fluorescence at 526 nm and a diode laser (660 nm) for fluorescence quenching. The gate for the hybrid detector was opened from 1.5 to 6 ns after the excitation pulse. The pinhole was closed to 90.97 mm (0.6 airy unit). Image stacks at a depth of < 40 mm were acquired using an HC Plan Apo 100 3 CS2 objective lens (working distance, 0.13 mm; numerical aperture, 1.4; oil immersion) with a pixel size of 22 nm and a z-step size of 150 nm. The image data were deconvoluted with Huygens STED deconvolution (Scientific Volume Imaging, Hilversum, the Netherlands).
Generation of 3D image movies
We generated 3D-rendered movies from 2D stacks of images using TRI/FCS-NUC64 software and Imaris (Bitplane, Belfast, UK). When necessary, anisotropic voxels were interpolated based on the signal intensity. Image cropping, rotation and composition were conducted using TRI/FCS-NUC64 software, Fiji software and After Effects Creative Suite 6 and Creative Cloud (Adobe Systems, San Jose, CA, USA).
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical tests
We tested the normality of data for parametric tests by using Kolmogorov-Smirnov test. The quality of variance assumption was verified by F-test. No randomization and blinding ware performed for all experiments. No statistical tests were used for sample size calculation. The sample sizes were not predetermined, but determined based on our previous experiences and similar to those generally employed in the field. Two-tailed tests were used. Statistical analyses were conducted using StatView software (SAS institute, NC, USA) or Microsoft Excel (Microsoft, Tokyo, Japan).
The values are shown as the means ± SEM, except for Figure S1B , which shows the means ± SD. The statistical details of experiments and the exact n values are reported in the figure legends. The level of statistical significance was set at p < 0.05.
DATA AND SOFTWARE AVAILABILITY Software
The C++ program TileTiff and FindSlice implemented in this study are available from the Neuro Programing Research website (https://neuroprogramming.co.jp/product/index.html).
